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BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to an interpolating programmable gain 

attenuator used in analog front ends. 

Related Art 

[0002] Broadband digital communication chips, such as cable modems and 

Ethemet chips, generally incorporate an analog front-end (AFE) on the chip, 
that comprises of an analog-to-digital converter (ADC) preceded by a 
programmable gain attenuator (PGA). The ftinction of the PGA is to 
optimally use the dynamic range of the ADC. 

[0003] FIG. 1 shows a conventional PGA. This circuit comprises a linear 

resistive attenuator (a resistive ladder), and is fully differential. The 
differential input voltage, denoted by vip and vin, is applied at the input of the 
PGA. Switches Mi,M2, M3, ... M„ (here, NMOS transistors, although PMOS 
transistors, or CMOS transmission gates, i.e., both an NMOS and PMOS 
transistor in parallel, can also be used) connect to all of the *taps' of the PGA. 
On each side of the PGA, all-but-one switches Mi, M2, M3, ... Mn are 'off. 
The one pair of switches that is 'on', determines the magnitude of the 
differential output voltage, denoted by vop and von. 

[0004] The size of the switches Mi, M2, M3, ... Mn is, in general, mainly 

determined by noise. To achieve low-noise performance, the on-resistance ron 
of the switches Mi, M2, M3, . . . Mn has to be low. As a consequence, switches 
with a large width have to be used. Unfortunately, large switches introduce 
substantial parasitic capacitances, decreasing the achievable bandwidth of the 
PGA. Furthermore, the chip area of the PGA can become quite large. Since 
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the PGA is integrated on-chip, the chip area occupied by the PGA is an 
important factor, i.e., lower area means lower cost. 

[0005] FIG. 2 shows an improved conventional PGA, where always M pairs 

of consecutive switches are turned 'on' simultaneously (in FIG, 2, M= 4). As 
a result, the switches can be M times less wide compared to the circuit shown 
in FIG. 1, improving both the bandwidth and area of the PGA. 

[0006] The PGA is used to attenuate an input voltage arranging from, e.g., 100 

millivolts to 4 volts down to a set value of 100 millivolts, e.g. Thus, in the 
PGA shown in FIGs. 1 and 2, by turning on a successive switch, the output 
voltage is gradually increased. The input vohage to the gates of the switches 
are usually digitally controlled. 

[0007] The parasitic capacitance of the switches is usually dominant 

compared to the parasitic capacitance of the resistors. Typical parasitic 
capacitance of the switches is about 10-20 femtofarads. A typical value of 
each resistor Ri is several ohms. Typical dimensions for a resistor are about 
half a micron wide by a few microns long. The dimensions of the switches 
depend on process parameters, such as gate length (currently, about 0.09-0.35 
microns). Typical value of the gate width is approximately 10-20 microns 
wide. 

[0008] The PGA is used to attenuate the amplitude of the signal entering an 

amplifier or an A/D converter and often has as many as 500+ steps. Thus, 
using the structure illustrated in FIG. 1, for a 500 step PGA, 500 x 2 switches 
Ml, Ml, M3, . . . M500 and 500 x 2 resistors Ri need to be used. This requires a 
substantial area on the chip, e.g., 300 x 600 microns. Furthermore, because of 
the number of resistors and switches, they are usually not laid out in a straight 
line but are instead "folded" or laid out in zig zag pattern. The wiring trace 
length at the turning point of the zig zag pattem is longer than trace length 
elsewhere, introducing additional layout difficulties and potentially reducing 
the accuracy of the PGA. Also, the extra lengths of the trace at the zigzag can 
decrease the bandwidth of the PGA at that particular setting. 
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SUMMARY OF THE INVENTION 

[0009] The present invention is directed to a programmable gain attenuator 

that substantially obviates one or more of the problems and disadvantages of 
the related art. 

[0010] Accordingly, there is provided a programmable gain attenuator 

including a termination resistor. A first termination switch connects one side 
of the termination resistor to a first output. A second termination switch 
connects another side of the termination resistor to a second output. A first 
resistor ladder is arranged between a first input and the first side of the 
termination resistor. A first plurality of switches connect a corresponding tap 
from the first resistor ladder to the first output. A second resistor ladder is 
arranged between a second input and the second side of the termination 
resistor. A second plurality of switches connect a corresponding tap from the 
second resistor ladder to the second output. A first switch of the first plurality 
of switches is turned on, followed by a second switch of first plurality of 
switches tumed off, followed by a third switch of first plurality of switches 
turned on. A first switch of the second plurality of switches is tumed on, 
followed by a second switch of second plurality of switches tumed off, 
followed by a third switch of second plurality of switches tximed on. 

[0011] Additional features and advantages of the invention will be set forth in 

the description that follows, and in part will be apparent from the description, 
or may be leamed by practice of the invention. The advantages of the 
invention will be realized and attained by the structure particularly pointed out 
in the written description. 

[0012] It is to be understood that both the foregoing general description and 

the following detailed description are exemplary and explanatory and are 
intended to provide further explanation of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS/FIGURES 

[0013] The accompanying drawings, which are included to provide a further 

understanding of the exemplary embodiments of the invention and are 
incorporated in and constitute a part of this specification, illustrate 
embodiments of the invention and together with the description serve to 
explain the principles of the invention. In the drawings: 

[0014] FIG. 1 shows a conventional PGA. 

[0015] FIG. 2 shows an improved conventional PGA. 

[0016] FIGs. 3A-3C show a PGA of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0017] Reference will now be made in detail to the embodiments of the 

present invention, examples of which are illustrated in the accompanying 
drawings. 

[0018] This invention proposes a further improvement with respect to the 

conventional PGA shown in FIG. 2. The proposed PGA circuit is depicted in 
FIG. 3 and can be used in any AFE appUcation. An example of a PGA circuit 
is described in commonly assigned U.S. Patent Application No. 09/712,422, 
filed November 13, 2002, entitled, GIGABIT ETHERNET TRANSCEIVER 
WITH ANALOG FRONT END, which is incorporated by reference herein. 
The PGA uses the switches to interpolate between different taps of the 
resistive divider. This is accomplished by tuming switches 'on' that are not 
consecutive. In other words, consecutive switches are tumed on, followed by 
one or more switches off, followed by more consecutive switches on. FIGs. 
3A-3C show three settings of the PGA. In two PGA states shown in FIGs. 3A 
and 3C, switches M2 through M5, and M3 through Me, are tumed 'on' 
respectively. In the PGA setting shown in FIG. 3B, switches M2, M3, M5 and 
M6 are tumed 'on'. Thus, the setting shown in FIG. 3B interpolates between 
the two settings shown in FIGs. 3A and 3C. 
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[0019] Further interpolation can be achieved by turning on switches M2, M3, 

M4 and M6, interpolating between the settings shown in FIGs. 3A and 3B. 
Also, switches M2, M4, M5 and M6, can interpolate between the settings 
shown in FIGs. 3B and 3C. 

[0020] The PGA also incorporates a digital decoder (not shown in the figures) 

that determines which switches are to be turned on for a certain PGA setting. 

[0021] This interpolation works on condition that the on-resistance ron of the 

individual switches Mi, M2, M3, . . . Mn is greater than the unit resistance Ri of 
the PGA, Usually, this is not a limitation in practice. 

[0022] The proposed PGA has several advantages. First, the PGA uses fewer 

switches. This reduces both the chip area and the total parasitic capacitance 
introduced by the switches. Lower parasitic capacitance results in a higher 
PGA bandwidth. Secondly, the PGA requires less taps, and therefore, less 
resistors, further decreasing the chip area of the PGA. 

[0023] For example, in the PGA circuit shown in FIGs. 3A-3C, 4x less 

switches and resistors R\ are required, while the resistance of Rt can be 
increased by a factor of 4. 

[0024] Note that the possibilities for doing interpolation increase with the 

number of switches being turned 'on' simultaneously. So, in general, the 
possible improvement of bandwidth and area is larger when, e.g., 16 switches 
are always 'on' versus 4 switches always 'on'. 

[0025] Other altematives include settings where, e.g.. Mi, M4, M5, and Me are 

turned 'on% or, e.g., M2, M4, M6 and M7 are turned 'on'. That is, more than 
one switch is tumed 'off betvveen the left-most and right-most switches 
tumed 'on'. The switches that are tumed 'ofP in-between the 'on' -switches 
also do not have to be consecutive. 

[0026] With further reference to FIGs. 3A-3C, it will be appreciated that 

although only four switches are shown tumed on at any given time, a different 
number of switches may be tumed on, e.g., M = 8 switches or M = 16 or some 
other number. The ntmiber of the switches needed by the PGA therefore 
decreases. If N is the total number of steps in a PGA, and M is the number of 
switches tumed on at any given time, then the overall number of switches 
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needed by the PGA is approximately 2 x N / M, plus approximately 2 x M 
switches to account for the border cases. For M « N, the overall reduction in 
the number of switches is roughly N. It follows therefore that, at least 
theoretically the optimum number of switches being tumed on is M = ^fN . In 
practice, this is not quite accurate, due to the non-linearity of the on-resistance 
Ton of the individual switches Mi, M2, M3, ... Mn. As a result of this non- 
linearity, the PGA output signal will always be slightly distorted. This 
harmonic distortion increases with the difference in signal amplitude among 
the source terminals of the M switches being tumed on. The amount of 
distortion that is allowed is application-dependent. 

Note also that with the approach just described, the step size may be different, 
in other words, the options for interpolation may increase. As an example, for 
a 512 step PGA (N = 512), a practical value for M is about 16-18. 

[0027] Additionally, in FIGs. 3A and 3C, four switches are on, and one is off, 

an altemative arrangement may be used where two switches in the middle are 
off, surrounded by two switches on one side and two switches on the other 
side (or some other number depending on M). Similarly, some other number 
of switches that are tumed off while being surrounded by other "on" switches 
may be used, e.g., 3 or 4 or some other number. Furthermore, it is possible to 
combine cases where only one switch is off, e.g., FIG. 3B, with cases where 
one switch is on, and one switch is off, as described above. This can reduce 
the number of switches and resistors needed by the PGA somewhat, although 
some of the values are duplicative between the various approaches. 

[0028] The area reduction using this approach scales approximately with M. 

Thus, for the 4x case (M = 4) shown in FIGs. 3A-3C, the overall area used by 
the PGA is approximately 1/4 (perhaps slightly more than one quarter) of the 
area utilized in the Conventional PGA described with reference to FIGs. 1 and 
2. 

[0029] Thus, with reference to FIGs. 3A, 3B and 3C, if the amplitude of the 

output signal of FIG. 3A is 4.1 voUs, and the output of FIG. 3C is 4.0 volts, 
the ampHtude of the output signal of FIG. 3B would be 4.05 volts. 
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[0030] The value of R2 can be the same, or approximately the same as Ri for a 

linear PGA. For a logarithmic, or linear-in-dB, R2 is usually approximately 
the value of the characteristic impedance. 

[0031] It will also be appreciated that the greater the complexity of turning the 

switches on and off (in other words the more variations there are in how the 
various combinations of consecutive transistors are turned on and off together, 
the more complex the encoder/controller for PGA operation needs to be). 

[0032] The improvement in bandwidth due to the parasitic capacitance 

reduction also scales roughly with M. Thus, for a nominally 50 MHz device, 
and M = 4, the bandwidth of the device increases to approximately 200 MHz. 

[0033] The invention can also be applied to logarithmic PGAs, also known as 

' linear-in-dB ' PGAs. In a logarithmic PGA, there is not only a termination 
resistor R2 at the end of the left and right resistive dividers, but there are also 
several additional resistors connected between corresponding taps of the left 
and right dividers. The value of the additional resistors is typically a little 
higher than the value of R2. Another way to describe the logarithmic PGA is 
as a cascaded version of the PGA is described in the application. 

[0034] The invention can also be applied to a D/A converter as follows: a DC 

reference voltage is applied to the PGA. This DC voltage is then divided by 
the resistor ladder. The digital input word of the D/A converter, through a 
digital decoder, determines which switches will be turned on/off. The 
invention, using interpolation, can be used to reduce the number of switches 
and number of taps on the resistive divider needed for a particular D/A 
converter. 

Conclusion 

[0035] While various embodiments of the present invention have been 

described above, it should be understood that they have been presented by way 
of example, and not limitation. It will be apparent to persons skilled in the 
relevant art that various changes in form and detail can be made therein 
without departing from the spirit and scope of the invention. 
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